Glycerol effect on myoglobin hydrationand helix-to-sheet transition Abstract By using wide-angle X-ray scattering (WAXS), small-angle neutron scattering, and theoretical scattering function simulation, we have clarified the effect of glycerol on both the thermal structure transition and the hydration-shell of myoglobin. At the glycerol concentration, ≤ ~40 % v/v, the decreasing tendency in the maximum dimension and the radius of gyration was observed by X-ray scattering. The neutron scattering result using the inverse contrast variation method directly shows the preservation of the hydrationshell density at the concentration ≤ ~40 % v/v. This phenomenon is reasonably explained by the preferential exclusion of glycerol from the protein surface to preserve the hydration shell, as suggested by the previous studies. While, at the concentration, ≥ 50 % v/v, the opposite tendency was observed. It suggests the preferential solvation (partial preferential penetration or replacement of glycerol into or with hydration-shell water surrounding the protein surface) occurs at the higher concentration. The observed WAXS scattering data covers the distinct hierarchical structural levels of myoglobin structure ranging from the tertiary structure to the secondary one. Therefore, we have clarified the effect of glycerol on the thermal structural stability myoglobin at different hierarchical structural levels separately. Against the temperature rise, the structural transition temperatures for all hierarchical structural levels were elevated. Especially, the tertiary structure of myoglobin was more stabilized compared with the internal-structure and the helix-to-cross transition. It suggests that the protective action of glycerol on protein structures essentially results from the preservation of the preferential hydration-shell of proteins.
Introduction
As is well-known, glycerol is a simple polyol compound that is widely used as a nontoxic additive in various industrial products for preservative, humectant, and thickening stabilizer, and also used as a cryoprotectant for storing enzymatic reagents, bacteria, nematodes, mammalian embryos and so on. The studies on the function of protein stabilization by glycerol have been conducted since long ago. The early study of the effect of glycerol on proteins using the densitometric measurement reported that the preferential hydration of proteins in glycerol-water mixture minimizes the surface of contact between proteins and glycerol to stabilize the native structure of globular proteins [1] . The Hexhange exchange study of myoglobin indicated that the protein fluctuation is hardly affected by solvent glycerol [2] . On the other hand, the static light scattering study suggested that the repulsive intermolecular force increase with glycerol concentration, which is explained by the incorporation of a layer of structured water that is enhanced in the presence of glycerol [3] . The molecular dynamics simulation suggested that preferential hydration of proteins in glycerol/water mixtures mainly originates from electrostatic interactions that induce orientations of glycerol molecules at the protein surface such as that glycerol is further excluded [4] . This study also suggested that glycerol prevented protein aggregation by inhibiting protein unfolding and by stabilizing aggregation-prone intermediates through preferential interactions with hydrophobic surface regions that favor amphiphilic interface orientations of glycerol. The Ramman and quasi-elastic inelastic neutron scattering study of the effect of glycerol on lysozyme showed that the protein's fast conformational fluctuations and low-frequency vibrations and its temperature variations are very sensitive to behavior of the solvents [5] . The recent rheometer study on the effect of glycerol on the dynamics of collagen re(de)naturation suggests the presence of a nanometer thick, glycerol-free hydration layer where glycerol is fully expelled out of it [6] . In spite of many previous studies, there are fewer direct evidence showing the effect of glycerol on the protein structure, its preferential hydration layer and thermal stability.
On the other hand, the stabilities of proteins in aqueous solutions have been shown to vary by the addition of salts and neutral substances and also by the changes in temperature and pressure [7, 8] . In other words, structures and functions of proteins are controlled by a marginal balance between the stabilizing factor and the destabilizing one. Such a marginal balance would be possible disturbed or changed by external environmental factors or additives. Especially, since the interior of living cells is in so-called molecularcrowding environments where amounts of various types of small and large molecules coexist [9] , the effect of the molecular-crowding environment on the structures and functions of proteins has been focused recently. The molecular-crowding environment would evidently affect the equilibrium states of proteins from the physicochemical point of view, whereas, interpretations of molecular-crowding effect remain controversial [10] .
In addition, hydration of biopolymers is basically determined by characteristics of low molecules constituting them, and it is also considered to be the key determinant for isothermal, concentration-dependent effects on protein equilibria [11] [12] [13] . As shown by inelastic neutron scattering [14] [15] [16] [17] [18] , the dynamics of proteins is coupled with and/or governed by water molecules surrounding them. Therefore, it is essentially important to clarify the relation between the protein hydration and the molecular-crowding environment even for small molecules, not only theoretically but also experimentally.
From the physicochemical interpretations of the small-molecular-crowding effect on a protein [10] [11] [12] , a change in the chemical potential of bulk water due to a highly concentrated crowder-molecules causes a difference in chemical potential with water at the protein interface, and osmotic stress are generated. In order to relax the distortion by the osmotic stress, the surface structure and the exclusion area (preferential hydration area) of the protein change to shift to another equilibrium state different from that in the dilute solution, and at the same time, the changes in the diffusive motion (translational/rotational motion, internal motion) and in the intermolecular interaction are also induced. Thus, clearly the small-molecular-crowding environments cause changes of the equilibrium states of proteins [10, 19] . However, such a physicochemical interpretation does not still specify what kind of structural state a protein will be realized.
In addition, the experimental observation of the structure of a protein in a solution where amounts of other molecules coexist is generally difficult because the significant increase of background scattering from co-solutes disturbs the observation of high-statistical scattering data of a protein. Therefore, most of the experimental studies of protein structure and stability were conducted under dilute-solution conditions [7, 8] , and structure measurements of proteins under molecular-crowding environments have been rarely done. In contrast, although the remarkable progress of molecular-dynamics simulations in recent years has served fruitful insights on the effect of molecularcrowding on protein structure and dynamics [20] [21] [22] [23] , enough evidence of the changes of the structural stability and hydration of proteins caused by molecular-crowding has not been shown yet.
In the present study, we have clarified the effect of glycerol on both the hydration-shell and thermal structure transition of myoglobin by using the synchrotron radiation wideangle X-ray scattering (SR-WAXS) method and the small-angle neutron scattering (SANS) method. Myoglobin is one of the good examples in the studies of protein folding [7] since it shows the cross-beta transition accompanying amyloid aggregate formation [24, 25] . As shown previously, the SR-WAXS method enables us to observe the whole hierarchical structure of proteins from their quaternary or tertiary structures to secondary one in solutions [26] and to analyze the details of the structural transition process of proteins separately at each hierarchical structure level [27] . We have already clarified the initial process of amyloid formation of apomyoglobin by using the SR-SAXS [28] , and the characteristics of dynamics of apomyoglobin in the helix-to-sheet transition by the combination of SR-WAXS method and the elastic incoherent neutron scattering method [29] . In the neutron scattering measurements, we have employed the inverse-contrast variation method that is quite unique to elucidate selectively only the structures of the biological materials we focus [30, 31] .
We have succeeded to obtain scattering data of myoglobin with high statistical accuracy in concentrated glycerol solutions (~75 % v/v). By the combination of experimental results and theoretical solution scattering simulations, we have obtained a direct structural evidence on the effect of glycerol on the hydration-shell of myoglobin and the initial process of amyloid transition of myoglobin induced by temperature variation. The present results clearly indicate that the function of glycerol as a stabilizer of proteins is related to the preservation of protein hydration by the preferential exclusion of glycerol from the hydration-shell region of the protein at low glycerol-concentration (≤ ~40 % v/v), which agree well with the previous studies using different techniques [1] [2] [3] [4] [5] [6] . The results at high glycerol-concentration (≥ ~50 % v/v), suggests the appearance of the preferential solvation (partial preferential penetration or replacement of glycerol into or with hydration-shell water surrounding the protein surface).
Experimental
Myoglobin from horse skeletal muscle, glycerol and deuterated glycerol (98 atom % D) were purchased from SIGMA Chemical Co. (USA) and used without further purification.
All other chemicals used were of analytical grade. The deuterium oxide (99.9 atom % D, SIGMA) was used for neutron scattering experiments. The buffer solvent used was 10 mM HEPES (N-(2-hydroxymethyl) piperazine-N'-(2-ethane-sulfonic acid)) at pH 7.4.
The myoglobin was dissolved in the buffer solvent on the concentration of 5 % w/v, which was used as the protein stock solution. The glycerol solutions with different concentrations were prepared. The protein solution and the glycerol solution were mixed by appropriate ratios. Finally, we obtained the protein solutions (2 % w/v) with different glycerol concentrations (10, 20, 30, 40, 50, 60, 75 % v/v).
SR-WAXS measurements were done by using the BL-40B2 spectrometer at the Japan Synchrotron Radiation Research Institute (JASRI, Harima, Japan) and by using the BL-10C spectrometer at the High Energy Accelerator Research Organization (KEK, Tsukuba, Japan). The X-ray wavelengths and the sample-to-detector distances were 51 cm for 0.75-Å X-ray and 4089 cm for 1.0-Å for X-ray at BL-40B2, and 190 cm for 1.49 -Å X-ray at BL-10C. The X-ray scattering intensity was recorded by the R-AXIS IV (30x30 cm 2 in the area, 100-µm in pixel-resolution, from RIGAKU Co.) at both facilities. The exposure time was 10 seconds at BL-40B2, and 180 seconds at BL-10C. The temperature of the sample solutions contained in the sample cells was controlled in the temperature range from 25 °C to 85°C by using the temperature controller mK2000 of INSTEC co. While the measurements, the sample solutions were slowly oscillated to avoid some radiation damages. SANS measurement were carried out by using the D22 spectrometer at the research reactor of the Institut Laue-Langevin (ILL, Grenoble, France) and by using the BL15 TAIKAN spectrometer at the pulsed-neutron source of the Materials and Life Science Experimental Facility (MLF) at the Japan Proton Accelerator Research Complex (J-PARC, Tokai, Japan). The neutron wavelengths were 6 Å at ILL, and 0.5 -6.0 Å at J-PARC. At both facilities, the sample solutions were contained in the quartz cells with 1 mm path length. The exposure time was around 10 -30 minutes. Just before the scattering measurements, the sample solutions were filtered to remove some aggregates by using the centrifugal filter unit (Merck Co.) with the molecular-cut-off of 50 K Dalton.
The background correction for SANS data was done by an ordinary method [31] .
WAXS data correction was done based on the method as reported previously [26, 27] .
The radius of gyration R g was determined by using the following equation [32] . (1) where the p(r) is the distance distribution function calculated by the Fourier inversion of the scattering curve I(q) as (2) where q is the scattering vector (q = (4p/l)sin(q/2); q, the scattering angle; l the Xray wavelength. The maximum dimension Dmax of the particle is determined from the p(r) function satisfying the condition p(r) = 0 for r > 0. Figure 1 shows the WAXS curves of myoglobin depending on the glycerol concentration (0, 10, 20, 30, 40, 50, 60, 75 % v/v). As shown previously [26, 27] , the WAXS curves of a protein in the different scattering regions mostly reflect the whole characteristics of the protein in the different hierarchical structure levels, that is, the quaternary and tertiary structures (q < ~0.2 Å -1 ), the inter-domain correlation (~0.25 Å -1 < q < ~0.5 Å -1 ), the intra-domain structure (~0.5 Å -1 < q < ~0.8 Å -1 ), and the secondary structure including the closely packed side chains (~1.1 Å -1 < q < ~1.9 Å -1 ), respectively. The scattering intensity of the particles in solutions depends on the difference between the scatteringdensity of the solute particle and that of the solvent [33] . It is so-called an excess average scattering-density, contrast ( ). In Figure 1 , with the increase in the glycerol concentration, the scattering intensity in the small-q region decreases systematically due to the change of the contrast of myoglobin by the presence of glycerol. The change of the slope in the scattering curve below q = ~0.2 Å -1 is not evidently seen, suggesting the preservation of the tertiary structure. On the other hand, the profile of the scattering curve in the q region from ~0.25 Å -1 to ~0.8 Å -1 shows a gradual change, which is evidently attributable to the change of the contrast, as shown in the following simulation. The profile of the scattering curve in ~1.1 Å -1 < q < ~1.9 Å -1 is mostly held. The above indicates both the intramolecular and secondary structures of myoglobin are almost preserved even by the existence of glycerol. Figure 2 (A). The above WAXS results can be explained reasonably by the WAXS simulation based on the models of the preferential solvation and the preferential exclusion.
Results and discussion

Myoglobin structure depending on glycerol concentration observed by X-ray scattering
R g 2 = p(r)r 2 dr 0 D max ∫ 2 p(r)dr 0 Dmax ∫ p(r) = 1 2π 2 rqI(q) 0 ∞ ∫ sin(rq)dq
Simulation of wide-angle X-ray scattering (WAXS) curve and radius of gyration of myoglobin in crowder solution based on the preferential solvation model and the preferential exclusion model
As described above, the observed scattering curve of the solute particle depends on the difference between the scattering-density of the solute and that of the solvent, so-called contrast, Dr. In the present experiment, the average scattering-density of the solvent varies depending on the glycerol concentration. To execute the WAXS simulation, we should estimate the variation of the Dr in glycerol-water mixed solutions. Therefore, we have measured the mass-densities of the glycerol solvents to determine those scattering densities. Figure 3 R200D). The mass density shows a good linearity in the concentration. The average scattering-densities (electron densities) of proteins is in the range of ~11.7 -~12.0 x10 10 cm -2 (~0.416 eÅ -3 -0.427 eÅ -3 ) for X-ray [33] . Based on the crystal structure of myoglobin (code no. 1WLA registered in PDB [34] ), the average scattering-density of myoglobin can be calculated to be 11.9 x10 10 cm -2 (0.424 eÅ -3 ) for X-ray. Figure 3 (B) shows the glycerol-concentration dependence of the contrast of myoglobin for X-ray both in cm -2 and eÅ -3 units. Figure 3 (B), the presence of glycerol in the solvent changes the contrast of the protein and results in the change of the scattering curve. By the comparison of the theoretical calculation of the scattering curve with the experimental one, we can discuss the detail of the effect of glycerol on the protein structure observed experimentally. The theoretical WAXS simulations were executed by using the CRYSOL program [35] . The CRYSOL program is based on the spherical-harmonics expansion method [33] , and takes into account of the existence of the hydration shell by using the atomic coordinates of a protein in the PDB. In the CRYSOL program, the contrast of the hydration shell is a variable, and its width is set to be 3 Å as a default value. This program is known to reproduce experimental X-ray scattering curves of proteins in solutions very well [36] .
As shown in
The default value of the hydration-shell width would be reasonable. As shown by the previous studies on protein hydration [37] , the amount of protein-hydration corresponds to that of water molecule covering protein surface with at least two layers of water (socalled, strongly bound water layer and weakly bound water layer). Here we used the PDB file with the number of 1WLA of myoglobin for the CRYSOL calculation. The present theoretical simulation was performed assuming the following two different cases that can happen on the protein structure and its hydration-shell caused by glycerol. The first case is that the preferential replacement of hydration-shell water molecules with glycerol molecules occurs (preferential solvation effect model [38] ). In this case, the preferential arrangement of glycerol molecules surrounding the protein surface causes the increase in the scattering density of the solvation-shell (hydration-shell) of the protein according to the rise of the glycerol concentration. The second case is that glycerol molecules are preferentially excluded from the hydration-shell region of the protein due to the hydration repulsion force. In this case, the hydration-shell density is preserved and keeps a constant value in spite of the rise of glycerol concentration. The above two cases correspond to two extreme ones that would occur physicochemically induced by co-solutes. In other words, the former case and the later one are equivalent to the assumptions of the partial replacement of hydrated water with glycerol and the non-penetration of glycerol into the hydration shell, respectively. Figure 4 is compatible with that of the glycerol concentration from 0 to 75 % v/v. Based on two models, in Figure   4 (A), the average electron density of the hydration-shell region was set to be 1.1 times larger than that of the glycerol solvent; in Figure 4 (B) , the average electron density of the hydration-shell region was set to be constant, namely, 1.1 times larger than that of free water. Compared with the experimental scattering curve in the range form q = ~0.2 Å -1 to q = ~0.3 Å -1 , it can be seen that the tendency of the change is more similar to that of the simulated WAXS curve in Figure 4 (B) than in Figure 4 (A) . In addition, the change of the small-angle scattering intensity (q < 0.1 Å -1 ) in Figure 4 (B) with the rise of the solvent electron density is much larger than in Figure 4 value is well known to be proportional to the product of the contrast and the volume of the solute particle [26] . In Figure 5 
Effect of glycerol on protein structure observed by neutron scattering
In the case of neutron scattering, various types of the contrast-variation method are available to determine the structure of a particle in solution [39] . We have employed the inverse-contrast variation method to observe the effect of glycerol on the protein structure. 
Fitting by theoretical neutron scattering curve and estimation of hydration-shell density
In the present neutron scattering experiment, we have applied the inverse-contrast variation method to avoid the artifact of the change of the contrast caused by the addition of glycerol. Namely, even by the rise of the glycerol concentration, both the average scattering density of the solvent and the contrast of the protein did not change. Therefore, we can effectively use the theoretical fitting procedure to reproduce the experimental scattering curve by the CRYSON program. The CRYSON program is a reimplementation of CRYSOL, adapted to work with small-angle neutron scattering data. Figure 8 The effect of the change in the hydration-shell contrast on the scattering curve was estimated by the scattering function simulation using the CRYSON program. In Figure   10 , the hydration-shell contrast varied from 0.064 x10 12 cm -2 to 0.04 x10 12 cm -2 . When the hydration-shell contrast changes from 0.61 x10 12 cm --2 to 0.48 x10 12 cm -2 , the I(0) 1/2 and Rg values increase in ~3 % and in ~2 %, respectively. These theoretical increments mostly agree with those shown in Figure 7 .
Thus, the result of neutron scattering suggests that at below 40 % v/v glycerol the preferential exclusion of glycerol molecules from the hydration region on the protein surface is dominant and that at higher concentration the preferential solvation (penetration) of glycerol molecules becomes to occur locally. This result agrees well with that obtained from the WAXS experiment and theoretical simulation in the above section. Figure 11 shows the temperature dependence of WAXS curve of myoglobin, where A, in the non-crowding solvent; B, in 20 % v/v glycerol solvent. As already mentioned in the section of 2.1, the observed WAXS scattering data covers the distinct levels of the protein structure from the tertiary structure to the secondary one. The scattering data at q < ~0.2 Å -1 , at ~0.25 Å -1 < q < ~0.5 Å -1 , at ~0.5 Å -1 < q < ~0.8 Å -1 , and at ~1.1 Å -1 < q < ~1.9 Å -1 reflect the tertiary structure, the inter-domain correlation, the intra-domain structure, and the secondary structure, respectively. Therefore, we can analyze the structural transition feature at different hierarchical levels separately. The shoulder at q = ~0.58 Å -1 and the peak at q = ~1.34 Å -1 become to be evident with the elevation of temperature above ~75 °C. As reported previously [24, 25, 40] , the former and the latter are typical phenomena in the initial process of amyloid transition, namely, the formations of the pleated sheet stacking and the appearance of cross-β structure (helix-to-sheet transition), respectively. The appearance of the shoulder at q = ~0.58 Å -1 and the peak at q = ~1.34 Å -1 are as same as that observed in the amyloid transition of apomyoglobin [28, 29] . The q values of the positions of the shoulder and the peak correspond to ~10.8 Å and ~4.69 Å in the real space distance, respectively. These values agree with those reported previously within experimental errors [24] . Figure 12 shows the temperature dependence of the distance distribution function, p(r), obtained by applying Eq. 1 to the scattering curves in Figure 11 , where A and B are as in Figure 11 . At low temperature, in the short-distance region, the p(r) function shows the bell-shape profile having the peak at ~20 Å and the first minimum at ~45 Å, which reflects the gradual change of the monomer structure of myoglobin. In the long-distance region, above a certain temperature, the p(r) function becomes to show another modulated hump, or shoulder, suggesting the appearance of oligomeric aggregates, namely, amyloid-like aggregates. As is clearly shown in Figure   12 , the presence of glycerol suppressed the thermal unfolding and oligomerization of the protein.
Thermal structure stability and helix-to-sheet transition in glycerol solution
The observed WAXS scattering data covers the distinct levels of the protein structure from the tertiary structure to the secondary one. Namely, as shown previously [26, 27] , the scattering data at q < ~0.2 Å -1 , at ~0.25 Å -1 < q < ~0.5 Å -1 , at ~0.5 Å -1 < q < ~0.8 Å -1 , and at ~1.1 Å -1 < q < ~1.9 Å -1 mostly reflect the tertiary structure, the inter-domain correlation, the intra-domain structure, and the secondary structure including the closely packed side chains, respectively. Therefore, we can analyze the transition feature at different hierarchical structural levels separately.
The transition-multiplicity analysis (TMA) [27] is applicable to characterize the thermal stability in the different hierarchical-structure levels. The TMA method is based on the principle that the scattering curves in different q-regions correspond to the structures of an object in the different hierarchical-structure levels. The structural transitions in the different hierarchical-structure levels do not necessary proceed cooperatively. By using Equation 2 we can analyze the transition cooperativity among the different hierarchicalstructure levels [23, 41, 42] . to the tertiary structure, the inter-domain correlation and the intra-domain structure, and the secondary structure, respectively. The midpoint temperature of the thermal transition, Tm, can be determined by the temperature at a = 0.5 in Figure 13 . In the case of myoglobin in the solvent without glycerol, the thermal structural transition proceeds cooperatively among all different hierarchal structural levels at Tm = ~75 °C. Whereas, in the glycerol solvent, the Tm value rises, suggesting that the transition cooperativity between the tertiary structure and the internal and secondary structures is weakened. The Tm value is 77.6 °C for the internal and secondary structure levels, and 79.5 °C for the tertiary structure level. The difference in the Tm values suggests that the presence of glycerol in the solvent stabilizes the tertiary structure much more than the internal and secondary structures.
Conclusion
By the complementary use of SR-WAXS and SANS methods and by the theoretical simulation of scattering functions, we have clarified the effect of glycerol molecules on the myoglobin structure, its hydration layer and thermal stability as follows. At the concentration of glycerol lower than ~40 % v/v, the WAXS and theoretical simulation results suggest that glycerol molecules are preferentially excluded from the hydrationshell region of the protein (preferential exclusion) to hold the hydration-shell. This was confirmed directly as the preservation of the hydration-shell density by the SANS results using the inverse-contrast variation method and by the theoretical fitting with those experimental data. Due to the preservation of the hydration-shell by glycerol, the protein structure is stabilized against temperature elevation, especially for the tertiary structure of myoglobin compared with that for the internal and secondary structures. At the concentration of glycerol higher than ~50 % v/v, the partial penetration or replacement of glycerol molecules into or with the hydrated water molecules surrounding the protein surface (preferential solvation). The present results clearly show that the stabilizing effect of the protein structure by glycerol is caused by the protective action of the hydration shell of the protein.
In this study we have shown the small-molecular-crowing effect on the protein structure and stability. Although there are many previous studies of the crowding effect on biological function such as enzymatic synthesis, signal transduction, and so on, using glycerol as a crowder agent, the mechanism of macromolecular crowding effect, especially in living cell should be more complicated by the diversity of molecular species and structural properties [43] . Therefore, further development and combination of experimental and theoretical methods treating macromolecular crowding environment are necessary. The combination of SR-WASX method and the inverse-contrast method of neutron scattering might offer certain experimental advantages for studying macromolecular crowding effect on protein structures.
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Figure 8
Theoretical scattering curve to fit experimental one in Figure 7 by using CRYSON program. The solid lines and the marks correspond to the optimized simulated neutron scattering curves and the experimental data, respectively. The discrepancy defined by c 2 value is in the range from 0.92 to 1.4.
Figure 9
Estimated contrast of the hydration (solvation) shell obtained by the CRYSON fitting shown in Figure 8 . The fill and open arrows indicate the typical features in the scattering curve that appear in the initial process of amyloid transition. The shoulder at q = ~0.58 Å -1 and peak at q = ~1.34 Å -1 correspond to the formations of the pleated sheet stacking and the appearance of cross-β structure (helix-to-sheet transition), respectively.
Figure 12
Temperature dependence of the distance distribution function of myoglobin calculated from the WAXS curves in Figure 11 . A and B are as in Figure 11 . 
